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A B S T R A C T
Copper alloys are widely used in electrical circuits mainly due to their electrical
conductivity. In electrical circuits, solder terminals are used to provide multiple electrical
connections and swage type turret terminals are preferred owing to their high reliability
under dynamic environments where the electrical systems are subjected to higher
vibrations and line currents, as in the case of satellite launch vehicles. Owing to high
machinability, free-cutting brass is preferred in the manufacture of such small sized
terminals, which will be cold worked/swaged to the printed circuit boards. Improper
selection of the composition of free-cutting brass can lead to cracking of the terminals,
thereby affecting the reliability of the system. This paper describes cracking of turret
terminals made of free cutting brass during swaging operation. The crack propagation
tendency during cold working of brass turret terminals made from different compositions
is studied through optical and scanning electron microscopy. Finally, composition for
obtaining crack free terminals during swaging is suggested for applications involving cold
swaging.
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Copper and its alloys are widely used for electrical wire and cable, electrical contacts and various other parts that are
required to conduct electrical current. Copper is a relatively soft and malleable metal with excellent formability, making it
ideal for non-structural applications. Addition of alloying elements to copper strengthens it and forms copper alloys,
including brasses, phosphor bronzes and copper nickels. Miniaturization of electronic devices and components has beneﬁted
from the high strength and moderate to high conductivity offered by the copper alloys.
Brasses are alloys of copper and zinc and are extensively used in electrical applications due to their physical properties
especially their electrical conductivity. They are available in different grades such as alpha brass, beta brass and alpha + beta
brass depending on the composition. These alloys exhibit good strength and ductility and are easily cold worked and their
properties improve with increased zinc content up to 35% [1]. Brasses containing between 32% and 39% zinc exhibit excellent
hot working characteristics even though cold workability is inferior. Brasses containing more than 39% zinc, such as Muntz
metal, have high strength and lower ductility at room temperature than alloys with less zinc. Brasses are known for their
ease of fabrication by drawing, high cold-worked strength and corrosion resistance.* Corresponding author. Tel.: +91 9496203037; fax: +91 4712705048.
E-mail addresses: susarla.murty@gmail.com, snmurty@hotmail.com (S.V.S. Narayana Murty).
http://dx.doi.org/10.1016/j.csefa.2014.04.004
2213-2902/ 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/3.0/).
Fig. 1. Dimensions of the terminal specimens.
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cutting brass is highly preferred choice because of its excellent machinability. In addition to the basic alloying elements
copper and zinc, presence of lead in small quantities gives the material its highest machinability rating. Lead does not form
solid solution with copper and zinc at low quantities and it will be distributed in the matrix as globules, which increase the
machinability of the alloy. The speciﬁcation of free cutting brass as per ASTM B16 [2] is as follows: copper 60–63%, lead 2.5–
3.0%, impurities 0.35 and zinc–remainder (all in weight percentage). The amount of zinc content affects the equilibrium
phases of the alloy and subsequently its cold workability and related properties like hardness.
Based on the speciﬁed standard, the amount of zinc can vary from 33.65% to 37.15%. In this band of zinc content, there
exists a transition from an alloy with a homogenous a (alpha) phase to an alloy with heterogeneous a + b phase alloy. Even
though the presence of b aids in the machinability of the alloy, the hardness and the BCC crystal structure of the b phase will
affect the cold workability of the alloy [3]. The volume fraction of the harder phases directly results in the cracking of the
alloy during cold working. This paper details the effect of b phase in the free-cutting brass alloy to be cold worked at room
temperature and the severity of the cracks formed. The propagation of the cracks during cold working of the material is also
discussed.
2. Experimental
Turret terminals obtained from different sources having different compositions of the alloying elements as per the ASTM B16
standard were tested for their cracking tendency during swaging. The terminals were coated with silver with 10–20 mm
thickness for better solderability. The specimens were annealed at 380 8C and furnace cooled. The chemical composition of the
materials is conﬁrmed through inductively coupled plasma technique. The dimensions of the specimens are as shown in Fig. 1.
The speciﬁed dimensions are for the terminal to be swaged on a 1.6 mm thick epoxy material Printed Circuit Boards (PCB).Fig. 2. Scheme for cold working the terminal.
Fig. 3. (a) Photograph of terminals swaged to PCB for testing swageability and (b) close up of the terminal with severe edge cracks (left) and successfully
swaged terminal for comparison (right).
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A manual terminal swager (Cambion 435-3803-01-00-00) is used for the swaging operation [4] of the specimens. The
scheme of swaging is shown in the Fig. 2.Fig. 4. (a and b) Optical microstructure of the turret terminal containing less than 35% zinc content (a) and corresponding scanning electron micrograph (b). The
microstructure contains only single phase (homogeneous). Lead can be seen as dark particles in optical microstructure (a) and as bright particles in SEM (b).
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shows the photograph of terminals swaged to PCB for testing swageability with the top photograph showing back side and
bottom photograph showing the front side of the swaged turret. Fig. 3(b) shows the close up of the terminal with severe edge
cracks along with successfully swaged terminals for the purpose of comparison.
2.2. Metallographic sample preparation
For microscopic examination, the specimens were mounted using a cold setting resin and subjected to conventional
metallographic polishing using different grits of silicon carbide papers starting from 220 grit to 600 grit. After a thorough
wash, they were subjected to polishing using levitated aluminia and a ﬁnish polish of diamond lapping to get a scratch free,
mirror ﬁnish surface. The freshly polished specimens were then chemically etched using a solution of 2 g of K2Cr2O7 in 8 ml
H2SO4with 100 ml H2O to reveal the microstructure. They were examined using an optical microscope (Olympus PMG3) and
scanning electron microscope (Carl Zeiss EVO50) and photomicrographs were recorded.
2.3. Microhardness
The microhardness of the specimens was measured on freshly polished and etched specimens using a Clemex make
automatic microhardness analyser at a load of 100 g. The microhardness values are reported in VPN.
3. Results and discussion
The terminals were analyzed for their microstructure through optical and scanning electron microscope. As the zinc
content varies from 34% to 37% in the alloy, signiﬁcant variations in the microstructure with respect to the phases and theFig. 5. (a and b) Optical photomicrograph (a) and scanning electron micrographs (b) of the heterogeneous microstructure of material containing 36% zinc
content. Presence of beta phase can be seen (shown with arrows). Lead is distributed as globules (shown with arrows) in the matrix as can be seen by bright
particles in (b).
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a-phase alloy and the precipitation of b phases occurs beyond 35% zinc content. The alloy is heterogeneous (a + b), when the
zinc content varies above 35–37% and the amount of b phase increases as the zinc increases monotonically affecting the
properties of the free cutting brass especially its cold-workability. Fig. 4(a and b) shows the optical microstructures of
the turret terminal containing less than 35% zinc content along with the corresponding SEM photomicrograph. The
microstructure contains single phase homogeneous mixture of the solid solution with lead seen as dark particles in optical
microstructure and as bright particles in SEM due to their higher atomic number. Fig. 5(a and b) shows the optical
photomicrographs and scanning electron micrographs of the material containing 36% zinc content. Presence of beta phase
can be clearly seen. In these microstructures also, lead is distributed as globules in the matrix as can be seen by bright
particles. Fig. 6(a and b) shows the optical photomicrograph and scanning electron micrograph of the material which
contains zinc content of 37 wt.%. It can be clearly seen that the volume fraction of the beta phase is higher in Fig. 6 and it
increases with increase in the zinc content.
3.1. Cold workability and crack propagation
Copper has high solubility for elements such as nickel, zinc, tin and aluminum. The solid solution alpha (a) phase is
responsible for the high ductility exhibited by copper alloys. Alloying additions beyond the solubility limit result in the beta
(b) phase, which exhibits a body-centered cubic (bcc) structure. This b phase has high temperature stability, and alloys that
exhibit a+b structure have excellent hot forming capability. Hot working, a standard step in alloy manufacture, breaks down
the dendritic microstructure present in castings. Some alloys, such as the high zinc brasses, bronzes and nickel silvers,
generally exist in two phase a+b condition. Their ability to be cold worked is limited, and they are generally supplied in anFig. 6. (a and b) Optical photomicrograph (a) and scanning electron micrograph (b) of the heterogeneous microstructure of the material which contains
zinc content 37% and above. The volume fraction of the beta phase is higher and it increases with the zinc content.
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through hot forging and/or machining. Some extruded copper alloy rod and bar products exhibit the dual a+b phase
structure which shows some solubility of any deliberate lead additions that, in turn, enhances the hot workability but
restricts the cold ductility.
The cold workability of free cutting brass considerably decreases as the amount of zinc content increases or as the amount
of beta b phases increases. Cracks were found to develop in the material during cold working which has a heterogeneous
microstructure. The intensity and the amount of cracks developed depend on the volume fraction and hardness of the b
phases present.
The b phase increases the hardness of the material and thereby increasing the brittleness which directly results in the
poor cold workability of the free cutting brass at room temperature. The harder b-phase has the BCC structure while a-phase
takes up the FCC structure [2]. Hence the cold workability degrades as the b content increases in the case of a + b alloy [2].
The propagation of cracks in the free cutting brass occurs when the toughness of the material is less than the energy carried
by the crack during the time of load application. The toughness is related to the hardness of the material. Higher hardness of
the material makes the material more brittle and less tough.
During the cold working of free cutting brass having a heterogeneously phased microstructure, the cracks that are
developed from the outer circumference of the specimen, start to propagate when the material is deformed by the gradual
load applied. High stress concentrations caused due to the manufacturing defects like tool marks, dents will lead to the
initiation of the crack.
Fig. 7(a and b) shows the photomicrographs of cold worked specimen containing more than 37% zinc. Intense edge cracks
can be seen on the swaged portions originating from the OD side of the turret and propagating toward the ID side. Fig. 8(a and
b) shows the SEM micrographs of the specimens with zinc content varying from 36% to 36.5%. Crack formation is observed
albeit to a lesser extent in specimens with lesser zinc content, because of less b content in the microstructure. Fig. 9 showsFig. 7. (a and b) Scanning electron micrographs of cold worked specimen containing more than 37% zinc. Intense edge cracks are developed on the swaged
portions originating from the OD side and propagating to the ID.
Fig. 8. (a and b) Scanning electron micrographs of the specimens with zinc content varying from 36% to 36.5%. Crack formation is observed albeit to a
lesser extent in specimens with lesser zinc content, because of less b content in the microstructure.
Fig. 9. Scanning electron micrograph of specimen with less than 35% zinc content, shows excellent deformation (cold-workability) without the
development of any edge cracks.
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without any edge cracks. Fig. 10 shows the optical photomicrographs of the propagation of the crack through the
microstructure. The path of the crack can be seen and it passes through the beta phase. Fig. 11 shows the optical
photomicrographs of the propagation of crack through the microstructure. The crack can be seen to be propagating through
the harder beta phases present in the microstructure clearly.Fig. 10. Scanning electron micrographs of the propagation of the crack through the microstructure (OM and SEM). The path of the crack can be seen and it
passes through the beta phases.
Fig. 11. Scanning electron micrographs of the propagation of crack through the microstructure. The crack can be seen to be propagating through the harder
beta phases present in the microstructure.
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The hardness of turrets with a and a+b phases is measured through the micro-hardness measuring instrument. The
average values of the hardness of the turret containing a + b phase are 250  20 VPN and that of the a phase is 200  10 VPN.
Fig. 12. Microhardness indentations taken on (a) turret containing a phase and (b) turret containing a+b phase.
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a+b phase (Fig. 12(b)).
The crack initiates to propagate through the material and the resistance to crack propagation is a function of the
toughness of the material. The b phase is harder and so it is more brittle than the a phase. This explains the propagation of
the crack through the harder b phase. In free cutting brass with zinc content more than 35%, cracks propagate through the
brittle phase in the material. The harder b phase provides a path of least resistance through which the crack is propagated.
In free cutting brass with zinc content less than 35% is a homogeneous a-alpha phase exists. The hardness of a phase is
less than b phase and is softer to be cold worked/plastically deformed. The toughness of a phase is hence higher than b-beta
phase and hence the material does not rupture during plastic deformation.
4. Conclusion
Free cutting brass as speciﬁed by the ASTM B16 has different microstructures for the different composition of the major
alloying elements. This affects the material properties, particularly, hardness. The material has homogenous alpha phase at
zinc content less than 35 wt.% and the heterogeneous alpha + beta above 35 wt.%. The presence of b-beta phase makes the
material more brittle and causes the material to crack during the plastic deformation/cold working. The cracks formed will
propagate through the harder b phase in the microstructure. Free cutting brass with zinc content less than 35% has excellent
cold workability and hence the speciﬁcation for the free cutting brass alloy which has to be cold worked/plastically deformed
at room temperature can be as follows: copper 62.15–63.0, lead 2.5–3.0, impurities 0.35(max) and zinc – remainder.
N. Ninan et al. / Case Studies in Engineering Failure Analysis 2 (2014) 107–117 117The free cutting brass terminals used in the electrical circuits which undergo swaging or cold worked on the printed
circuit boards should have single phase composition which will give excellent swaged terminals without cracking. This
improves the reliability of the electrical circuit systems.
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